Objective-The function of perivascular adipose tissue as an anticontractile mediator in the microvasculature is lost during obesity. Obesity results in inflammation and recruitment of proinflammatory macrophages to the perivascular adipose tissue that is paralleled by depletion of the vasorelaxant signaling molecule hydrogen sulfide (H 2 S) in the vessel. The current objective was to assess the role of macrophages in determining vascular [H 2 S] and defining how this impinged on vasodilation. Approach and Results-Contractility and [H 2 S] were measured in mesenteric resistance arterioles from lean and obese mice by using pressure myography and confocal microscopy, respectively. Vasodilation was impaired and smooth muscle and endothelial [H 2 S] decreased in vessels from obese mice compared with those from lean controls. Coculturing vessels from lean mice with macrophages from obese mice, or macrophage-conditioned media, recapitulated obese phenotypes in vessels. These effects were mediated by low molecular weight species and dependent on macrophage inducible nitric oxide synthase activity. 
P erivascular adipose tissue (PVAT) surrounds the blood vessels of most systemic vascular beds. In addition to providing protective support, the PVAT interacts with the underlying vasculature by releasing a vasorelaxant stimulus, termed PVAT-derived relaxing factor. 1, 2 Although the true nature of this factor is not known, several candidates have been proposed, including adiponectin, 3 angiotensin (1-7), 4 and methyl palmitate. 5 Functionally, PVAT-derived relaxing factors facilitate vasorelaxation through endothelial-dependent 4, 6, 7 and -independent mechanisms. 7, 8 During obesity, however, this functionality is lost. 6, 9, 10 The mechanism underpinning the loss of PVAT vasorelaxant function during obesity may be a direct result of increased inflammation and oxidative stress within the PVAT. 6, 8, 11 Importantly, there is evidence that macrophages might be involved in this process. Macrophages are responsible for the loss of PVAT vasorelaxant function after experimentally induced inflammation and oxidative stress. 12 Moreover, increased recruitment of proinflammatory macrophages to the PVAT has been documented during obesity. 13, 14 These cells could potentially fuel oxidative stress through their production of reactive oxygen and nitrogen species. 15 It remains to be seen, however, if there is a connection between proinflammatory macrophages, redox signaling, and impaired vasorelaxation.
Obesity modifies how PVAT interacts with the vasculature in several ways. Obesity can decrease vasodilator release from the PVAT. 8, 16 It can also reshape how the vessel responds to these stimuli by inhibiting endothelial nitric oxide (NO) synthase (eNOS) 6, 9, 14 and vascular smooth muscle cell K + -channel activity. 13, 17 Intriguingly, the gaseous signaling molecule hydrogen sulfide (H 2 S) also tunes the sensitivity to vasodilatory stimuli by modulating eNOS [18] [19] [20] and K + channel gating. 21, 22 The fact that steady state levels of H 2 S are decreased in the vasculature during obesity 23 raises the possibility that the PVAT could influence vascular function by regulating H 2 S bioavailability.
The objective of the current study was to gain mechanistic insight into the loss of vasodilatory function mediated by the PVAT during obesity. We hypothesized that proinflammatory macrophages within the PVAT impinge on the underlying vasculature to decrease H 2 S bioavailability and impair endothelial-dependent vasodilation. This hypothesis was tested using a diet-induced mouse model of obesity by examining how [H 2 S] and contractility in mesenteric resistance arterioles are affected by their interactions with purified macrophages.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Obesity Has No Effect on the Ability of Adipocytes to Promote Endothelial-Dependent Vasorelaxation
The vasorelaxant properties of intact PVAT are lost during obesity. 6, [8] [9] [10] [11] To determine if this is because of a loss of function of adipocytes, we purified adipocytes from intact PVAT and tested their ability to promote endothelial-dependent vasodilation. First, the PVAT was separated from the mesenteric vessels isolated from healthy lean mice. The vessels were then incubated for 1 hour with or without their PVAT or with adipocytes purified from PVAT, followed by measurement of endothelial-dependent vasodilation. Preincubating arterioles with either purified adipocytes or untreated intact PVAT promoted endothelial-dependent vasodilation ( Figure 1A ), confirming normal adipocytes as a source of a vasorelaxant factor. Interestingly, adipocytes from either lean or obese mice were equally proficient at enhancing endothelial-dependent dilation of vessels from lean mice, whereas they were unable to enhance dilation of vessels from obese mice ( Figure 1B and 1C) , demonstrating that adipocytes retain their vasorelaxant function during obesity. Therefore, a loss of adipocyte function does not contribute to the loss of PVAT function during obesity.
Obesity Promotes an Accumulation of Proinflammatory Macrophages in the PVAT
Because PVAT macrophages can influence contractility during inflammation, 12 and inflammation is a hallmark of obesity linked to PVAT dysfunction, 10 we determined the inflammatory status of mesenteric PVAT macrophages. We did this using 3 complementary approaches. First, mesenteric arteriolar sections were stained with Perls' Prussian blue to quantify iron-positive cells in the PVAT. Iron is sequestered by proinflammatory macrophages, 24 and more of these cells were identified in the PVAT and arteriolar adventitia of obese compared with lean mice (Figure 2A and 2B) . Next, we used immunolabeling and flow cytometry analysis to identify proinflammatory macrophages in the stromal vascular fraction of mesenteric PVAT. We observed that more cells were colabeled with the macrophage-specific marker F4/80 and the proinflammatory marker CD11c in obese compared to lean samples ( Figure 2C ). Finally, we purified macrophages from the PVAT using immunomagnetic separation and probed for proinflammatory marker expression using quantitative reverse transcription polymerase chain reaction. Key proinflammatory cytokines, as well as iNOS, were increased in obese compared with lean control macrophages ( Figure 2D ).
Proinflammatory Macrophages Impair Endothelial-Dependent Vasodilation
To determine if macrophages impinge on microvascular physiology, we devised experiments where we exposed mesenteric arterioles to macrophages purified from either lean or obese mice. The experimental design as illustrated schematically in Figure 2E involved coincubation of arterioles and macrophages overnight under cell culture conditions. In coculture experiments, vessels were incubated with 2×10 5 / mL macrophages to recapitulate a physiologically realistic vessel/macrophage ratio. These numbers were based on flow cytometry analysis of F4/80-positive cells in the mesenteric stromal vascular fraction in which we determined the number of macrophages in the PVAT to be 1 Table I in the online-only Data Supplement) macrophages from lean and obese animals. Endothelial function was then assessed by measuring the vasodilation response to acetylcholine in vessels precontracted with phenylephrine. The endothelial-dependent vasodilation in vessels from lean animals was impaired by overnight coculture of macrophages from obese mice ( Figure 2F ). Not surprisingly, coculturing vessels and macrophages isolated from the same animal impaired relaxation in the obese but not lean groups ( Figure 2F and 2G). Intriguingly, treatment of vessels from obese mice with macrophages from lean animals improved vasodilation ( Figure 2G ). One possibility is that a detrimental obese stimulus, not produced by lean animal macrophages, allowed endothelial function to recover. However, it may not be that simple because endothelial function in vessels from the obese did not improve when cultured in macrophage-free media ( Figure II in the online-only Data Supplement).
Decreased Steady-State H 2 S Levels in Obesity Contributes to Impaired Endothelial-Dependent Vasodilation
Confocal microscopy was used to monitor the H 2 S indicator SF7-AM in the smooth muscle and endothelial layers of pressurized arterioles isolated from lean and obese mice ( Figure 3A and 3B). Compared with lean controls, H 2 S levels were lower in both the smooth muscle and endothelial layers of vessels isolated from obese mice ( Figure 3C and 3D) . Incubation with the H 2 S donor GYY4137 (50 μmol/L for 1 hour) restored H 2 S in arterioles from the obese animals to levels comparable to that seen in lean controls, while treatment with GYY4137 was without effect in arterioles from lean mice ( Figure 3C and 3D) . As expected, the ability of acetylcholine to relax vessels precontracted with phenylephrine was markedly impaired in obesity ( Figure 3E) ; however, this was completely restored by preincubation with GYY4137 ( Figure 3F ), suggesting that decreased steady-state H 2 S may contribute to impaired endothelial-dependent vasodilation. Rescuing obesity-dependent hydrogen sulfide (H 2 S) depletion restores endothelial function. A and B, Representative confocal sections through the smooth muscle (A) and endothelial (B) layer of pressurized arterioles from lean and obese mice in the presence and absence of GYY4137 (50 μM) and labeled with the H 2 S indicator SF7-AM. Representative individual smooth muscle and endothelial cells are outlined in white. Scale bars =10 μm. C and D, Quantification of SF7-AM in sections through the smooth muscle (C) and endothelial (D) layers and compared using 1-way analysis of variance (ANOVA). E and F, Relaxation in response to cumulative addition of acetylcholine (ACh) in vessels preconstricted with phenylephrine (PE; 1 μM) and pretreated with either vehicle control (E) or GYY4137 (50 μM; F), and statistically assessed by 2-way analysis of variance (ANOVA). All summary data (C-F) are means±SEM pooled from a total of 8 arterioles isolated from 4 animals.
To further explore the causal link between steady-state H 2 S depletion and endothelial dysfunction, we assessed H 2 S levels and vasodilation in mesenteric arterioles from wild-type and CSE −/− mice. Cystathionine γ-lyase (CSE) is essential for H 2 S production in the vasculature, and the effects of its deletion have been defined. 25, 26 Knockout of CSE resulted in Figure 4F ). Also, coculturing with macrophages from obese mice had no effect on endothelial-dependent vasodilation in vessels isolated from CSE −/− mice ( Figure 4G ).
A Low Molecular Weight Proinflammatory Macrophage Secretion Is Responsible for Decreased H 2 S and Endothelial Dysfunction
We quantified the levels of H 2 S in smooth muscle and endothelial layers of mesenteric vessels that had been cocultured with macrophages from either lean or obese mice as depicted in Figure 2E . Lean mouse vessels cocultured with macrophages from obese animals had lower smooth muscle and endothelial [H 2 S] than those treated with lean mouse macrophages ( Figure 5 ). The lowest [H 2 S] was observed in vessels from the obese mice incubated with macrophages from the obese mice ( Figure 5 ). In contrast, adipocytes purified from either lean or obese mouse PVAT had no effect on vessel [H 2 S] ( Figure III in the online-only Data Supplement). Interestingly, when the obese mouse vessels were cultured overnight in macrophagefree media, H 2 S concentrations were greater than in those cultured with macrophages from the obese animals ( Figure IV in the online-only Data Supplement). This phenomenon only approached statistical significance in the endothelial cells, and removing macrophages did not restore H 2 S to levels comparable to lean controls (compare Figure IVA and IVB with Figure IVC and IVD in the online-only Data Supplement). Nevertheless, these data suggest that the continuous presence of an obese stimulus may be required to sustain H 2 S depletion.
To explore the possibility that macrophage-derived stimuli influence H 2 S and endothelial function, we assessed the effect of macrophage conditioned media on vessel [H 2 S] and vasodilation. As depicted in the experimental protocol ( Figure 6A ), conditioned media was collected from macrophage cultures and vessels then incubated in either whole conditioned media or media separated into low (<3.5 kDa) or high (>3.5 kDa) molecular weight fractions. When we measured [H 2 S] in the smooth muscle and endothelial layers of lean mouse vessels, the levels were lower when vessels were exposed to conditioned media generated from obese rather lean mouse macrophages ( Figure 6B and 6C) . In parallel experiments, we noted that endothelial-dependent relaxation in lean mouse vessels was also only impaired when incubated with conditioned media generated from obese mice ( Figure 6D ). By repeating these experiments using conditioned media separated into low and high molecular weight fractions, we determined that the species responsible for both H 2 S depletion and impaired endothelial function had a molecular weight <3.5 kDa (Figure 6B through 6F). The same experimental protocol was repeated using vessels isolated from obese animals ( Figure V in the online-only Data Supplement). Overall, we found that lower H 2 S levels and greater impairment of vasodilation was associated with conditioned media (both whole conditioned media and low molecular weight fraction) generated from obese mice macrophages. These data are consistent with the concept that proinflammatory macrophages impinge on vessel H 2 S and function by secretion of low molecular weight paracrine signal.
Macrophage iNOS Mediates Macrophage-Vessel Interactions
Because a molecular species weighing <3.5 kDa mediated the effects of macrophages on H 2 S and vasodilation, we can effectively rule out the involvement of cytokines that range from 8 to 80 kDa. Proinflammatory macrophages, however, also produce reactive oxygen and nitrogen species that modify the local redox environment. 15 Furthermore, NO and NO-derived reactive species are known to interact either directly with H 2 S or affect its generation, 27 and iNOS was dramatically upregulated in PVAT and peritoneal macrophages during obesity ( Figure 2D ; Figure IB in the online-only Data Supplement). To assess the involvement of iNOS, we placed macrophages isolated from lean and obese mice into culture and treated them for 4 hours with the irreversible iNOS inhibitor 1400 W. The cells were then washed, fresh media added, and the conditioned media collected after a further 4 hour incubation. We then incubated vessels isolated from either lean (Figure 7 Macrophages from obese but not lean mice release a low molecular weight species that causes hydrogen sulfide (H 2 S) depletion and endothelial-dysfunction in mesenteric vessels from lean animals. A, Schematic representation of the experimental protocol. B and C, Summary data showing SF7-AM quantification in smooth muscle (B) and endothelial (C) sections collected from pressurized arterioles from lean animals that had been exposed to the indicated conditioned culture media. Statistical comparisons were made using 1-way analysis of variance (ANOVA). D-F, Relaxation in response to acetylcholine (ACh) in vessels from lean mice preconstricted with phenylephrine (PE; 1 μM). Vessels had been treated with the indicated conditioned culture media. Statistical differences were assessed by 2-way ANOVA. All data are means pooled from a total of 8 arterioles isolated from 4 animals.
Blocking macrophage iNOS eliminated the effect of macrophages on H 2 S levels and endothelial-dependent vasodilation. Control experiments were performed to ensure that 1400 W treatment did not affect cell viability ( Figure VII in the onlineonly Data Supplement).
Discussion
The vasodilatory function of intact PVAT is lost during obesity. This has been documented in the aortic, 9 coronary, 28 and mesenteric vasculature 3, 6 of several different animal models, as well as in human subcutaneous arterioles. 10 Inflammation and oxidative stress have been implicated, 6, 8, 11 but how these processes modify vasorelaxation during obesity are not known. The major new findings of the current study are that (1) proinflammatory macrophages are recruited to the PVAT during obesity; (2) proinflammatory macrophages impair endothelial-dependent vasodilation directly by depleting endothelial and smooth muscle H 2 S; and (3) the effect that macrophages have on endothelial function is mediated by their iNOS.
The composition of intact PVAT is complex. It is made up of adipocytes and a stromal vascular fraction component containing fibroblasts, mesenchymal stem cells, as well as cells of the innate and adaptive immune system. 29 We reasoned that the loss of PVAT function could be because of a change in the composition or phenotype of its constituent cells. To address this, we tested the effect of adipocytes purified from mesenteric vessel PVAT on endothelial-dependent vasodilation. We found that adipocytes from either lean or obese mice are sufficient to recapitulate the anticontractile function of intact PVAT from lean animals ( Figure 1 ). These findings are consistent with previous studies that report adipocytes as the source of PVAT-derived relaxing factor. [3] [4] [5] 10 More importantly, they suggest that the secretion profile of such factors is unchanged during obesity and instead implicate cells of the stromal vascular fraction as culprits of PVAT dysfunction.
The accumulation of proinflammatory macrophages in adipose tissue beds during obesity is well established, 30 and their involvement in regulating vascular tone has been implicated in previous studies correlating reduced macrophage numbers with improved vessel function after bariatric surgery. 14 We now report an increase in number (Figure 2A and 2B) and proinflammatory status ( Figure 2C and 2D ) of PVAT macrophages, consistent with previous studies in coronary arteries. 13 These findings were not surprising because chronic systemic inflammation is a hallmark of obesity, and we observed a similar inflammatory phenotype in macrophages from peritoneum ( Figure I in the online-only Data Supplement) and epididymal fat pad 31 in the same animal model. We examined macrophage-vessel interactions using a coculture bioassay. Our data demonstrate for the first time Macrophages from lean and obese animals were treated with the irreversible iNOS inhibitor 1400 W (100 μmol/L) and used to generate conditioned media. A and B, Summary data showing SF7-AM quantification in smooth muscle (A) and endothelial (B) sections collected from pressurized arterioles from lean animals that had been exposed to the indicated conditioned culture media. Statistical comparisons were made using 1-way analysis of variance (ANOVA). C-E, Relaxation in response to acetylcholine (ACh) in vessels from lean mice preconstricted with phenylephrine (PE; 1 μM). Vessels had been treated with the indicated conditioned culture media. Shown are the mean responses pooled from a total of 8 arterioles isolated from 4 animals. Statistical differences were assessed by 2-way ANOVA. H 2 S indicates hydrogen sulfide.
that during obesity inflammatory PVAT-macrophages directly impair endothelial-dependent vasodilation ( Figure 2E-2G ). Our approach, however, was limited to the examination of in vitro interactions. Nevertheless, our data are consistent with in vivo studies that report macrophage-dependent changes in vessel function during aldosterone or hypoxia-evoked inflammation. 12 We also assume that our coculture system recapitulates the physiology of macrophage-vessel interactions. The limitation here is that we lose the influence of other PVAT cell types. Although this prevents us from definitively concluding that macrophages act alone during obesity, our data do support a role for macrophages in the loss of vasodilator function.
We then asked if macrophages impinge on vasodilator function by modifying signaling pathways within the vessel wall. Here, we were guided by our previous observations that H 2 S levels are lowered by obesity. 23 In these studies, we quantified [H 2 S] in mesenteric arteriolar smooth muscle cells using the SF7 probe and confirmed the results using high-performance liquid chromatography measurements of total free sulfide in intact vessels. 23 As an extension of these observations, we now show that H 2 S is depleted in both the smooth muscle and endothelial layers of the obese mouse vasculature ( Figure 3B and 3D) .
Coculture experiments show that macrophages from the obese mice decrease [H 2 S] in vessels from lean animals ( Figure 5 ), in contrast to adipocytes from obese mice, which have no effect on vessel [H 2 S] ( Figure III in the online-only Data Supplement). These data are evidence that macrophages contribute to H 2 S depletion. We also conclude that macrophage-driven H 2 S depletion contributes to impaired endothelial function in obesity. This is supported by 3 findings: (1) impaired endothelial-dependent vasodilation was completely rescued by restoring H 2 S levels in the obese mouse vessels ( Figure 3C through 3F); (2) when compared with lean controls, qualitatively similar decreases in [H 2 S] and endothelial function were seen in vessels from CSE −/− mice and were similarly rescued by restoring [H 2 S] ( Figure 4C through 4F) ; and (3) no additional impairment to endothelial function was produced in CSE −/− mouse vessels by exposure to obese mouse macrophages ( Figure 4G ).
There are several potential mechanisms by which H 2 S depletion could impair endothelial-dependent vasodilation. Identifying which of these is operative is beyond the scope of the current study; nevertheless, a brief discussion of the possibilities is warranted. It has been shown that H 2 S promotes the generation of NO in the endothelium [18] [19] [20] by increasing the activity of the eNOS. 32, 33 And so, its depletion might be expected to decrease NO through its effects on eNOS. Indeed, impaired eNOS function and decreased NO production have been demonstrated in obesity. 6, 9, 10 More recently, obesity has been linked to eNOS uncoupling, 34 perhaps through interactions with peroxynitrite. 35 Both NO and H 2 S can also act on the same downstream pathways. The activation of guanylyl cyclase by NO increases cGMP and promotes smooth muscle relaxation. H 2 S was shown to increase cGMP and relaxation by inhibiting phosphodiesterases involved in the breakdown of cGMP. 36 While the PVAT has also been shown to increase cGMP activation, 7 it is not known if this is lost during obesity. H 2 S also influences smooth muscle relaxation by regulating the activity of K + channels, specifically K ATP , 37 Kv7, 38, 39 and BK Ca . 22 Remarkably, both Kv7 21, 40, 41 and BK Ca 16,42 channels have been implicated in mediating the anticontractile nature of PVAT. There is also evidence that K + channels are modified by obesity, 3, 13 which may or may not be related to dysfunctional PVAT. The vasorelaxant effects of H 2 S on K + channels are the basis of models in which H 2 S itself is a paracrine mediator released from the PVAT. 21, 43, 44 In one paradigm, H 2 S released from PVAT directly influences vessel function. Our data, however, are not consistent with this because adipocytes from lean mice failed to increase H 2 S in vessels from obese mice ( Figure III in the online-only Data Supplement). An alternative model, which is dependent on species and vascular bed, PVATgenerated H 2 S functions to influence adipocyte-derived relaxing factors. 44 This concept, however, remains to be established because it is based on experimental interventions that target the intact PVAT. The caveat with this approach is that it does not control for the inflammatory and redox status of the PVAT, 45 making it difficult to distinguish between direct and indirect effects of H 2 S. Regardless, this is unlikely to be operative in the current context because obesity has no effect on the release of adipocyte-derived relaxing factors ( Figure 1B and 1C ).
In our model, H 2 S depletion in the vasculature is a consequence of increased proinflammatory macrophages in the PVAT. Such cells would be expected to release an array of paracrine modulators. By fractionating media conditioned by macrophages purified from either lean or obese mice, we show that low molecular weight species (<3.5 kDa) are responsible for H 2 S depletion and impaired endothelialdependent vasorelaxation ( Figure 6 ; Figure V in the onlineonly Data Supplement). We have not identified the precise molecular species, which is beyond the scope of the current investigation. Nevertheless, by eliminating the involvement of cytokines, we have made a start by greatly narrowing the list of possible mediators. This has prompted us to speculate that reactive oxygen or nitrogen species could be involved. Such a redox hypothesis is consistent with reports that PVAT function is restored by antioxidant treatment in obesity. 8, 11 It is also supported by the observations that iNOS is dramatically upregulated in macrophages from the obese mice ( Figure 1 ) and that iNOS inhibition blocks the effect of obesity on H 2 S depletion and impaired endothelial-dependent vasorelaxation ( Figure 7 ; Figure VI in the online-only Data Supplement). Unfortunately, we cannot say what is being produced by iNOS under these conditions because it is known to generate superoxide and peroxynitrite in addition to NO, depending on how the enzyme is coupled. 46 Additional studies are needed to identify which of these species are produced by PVAT macrophages in obesity and determine which affect vessel H 2 S and endothelial function.
We report H 2 S depletion in both endothelium and smooth muscle. So what is the mechanism? The steady-state H 2 S level is determined by the rates of production and consumption. We previously demonstrated that mesenteric CSE protein expression and function are not changed by obesity, 23 suggesting a role for increased consumption. Such a model is supported by observations of increased H 2 S consumption in oxidative environments. 47, 48 We speculate then that macrophage-derived reactive species interact directly with vessel H 2 S, increasing its consumption and lowering bioavailability.
In summary, we propose that the loss of PVAT anticontractile function during obesity is in part the result of proinflammatory macrophage-vessel interactions. This conclusion is based on findings that proinflammatory macrophages recruited to the PVAT contribute to impaired endothelium-dependent relaxation driven by macrophage iNOS-mediated endothelial and smooth muscle H 2 S depletion. This has significance for the field at large because such changes are likely to precede serious complications, such as hypertension. 49 Importantly, the influence of macrophages on H 2 S and endothelial function may be reversible, suggesting therapeutic potential for targeting proinflammatory macrophages.
